relative to the B 12 corrin ring: in the syn case, the adenine base is in a position that is in plane with the corrin ring, whereas in the anti case, the base adopts a position that is perpendicular to it. Table S1 : Information taken from different MCM and Glutamate Mutase (GM) crystal structures, including the PDB entry, the year published, the resolution of the crystallographic structure, the Co-C 5 bond length, the conformation of the Ado· moiety (syn versus anti), the dihedral angle (φ = D(O 4 -C 1 -N 9 -C 8 )) of Ado, whether the AdoCbl bond is intact or broken, whether substrate is bound or not, and the orientation of the adenine base relative to the B 12 After comparing the different crystallographic structures, we find that there are two different options for starting structures for molecular dynamics, which include (i) starting from a configuration of Ado· after AdoCbl bond cleavage or (ii) starting from a configuration where the AdoCbl bond is intact. In order to study AdoCbl bond homolysis using the first option, the AdoCbl bond length must be diminished from 4.6 Å to 2.1 Å and given sufficient sampling time, one must be able to reproduce the conformation of adenosyl before the AdoCbl bond was broken. Our findings demonstrate that the adenine base does not rotate back to the syn orientation during 200 nanoseconds of classical molecular dynamics simulations, when starting from the anti conformation (see Section "Conformational changes assisting cleavage"). As we discuss in further detail below, the anti conformation is indeed more stable than that of the conformation that the Ado· moiety assumes when it is bound to Co. These findings naturally lead to the question, "If the anti conformation of Ado· is favored upon binding the substrate, what is the role of the syn conformer of Ado?" In other words, why would Nature force this cofactor to assume an energetically unfavorable conformation in the first place?
Thus, we decided to approach the study of Co-C 5 bond homolysis from a different starting point: from the syn configuration that the adenosyl moiety adopts prior to AdoCbl bond cleavage. As we discuss in further detail below, we were able to observe spontaneous changes in φ , which result in the transition from the syn to anti orientation, after homolysis and have obtained the same 'active/open' state observed in various crystal structures.
S4
Looking at the values corresponding to φ and the distance of the AdoCbl bond (R(Co-C 5 )) in Table S1 , it becomes apparent that mainly two structures describe AdoCbl when the bond is 'intact', 3REQ and 2XIJ. 
Classical molecular dynamics
This structure was minimized with 500 cycles of steepest descent minimization with 10.0 kcal mol −1 positional restraints placed on all heavy protein atoms, in addition to SHAKE constraints placed on all of the bonds involving hydrogen atoms. For the molecular dynamics simulations, the solvent water box was initially heated to 300K and relaxed, during 12 ps, while maintaining a 5.0 kcal mol −1 restraint force on all atomic positions. After heating to 300K, sampling in the micro-canonical ensemble took place for 3 ns with a weak-coupling algorithm (rescaling the velocities with a thermal coupling time constant of 5 ps to maintain a constant temperature) and an isotropic position scaling (to maintain the pressure at 1 bar). Nonstandard residues (B 12 , Ado, H610 and the substrate) were parameterized using the AMBER 99sb force field 4,5 by following the modeling of cobalt corrinoids from previous studies. 6 The Particle Mesh Ewald (PME) method, with a nonbonded cutoff of 12 Å, was used with periodic boundary conditions and the Langevin piston Nosé-Hoover method 7, 8 to ensure constant pressure and temperature conditions. Classical 
QM/MM molecular dynamics
For the QM/MM simulations, we use an extension of CPMD 3.13. 9,10 The QM subset of atoms consists of the coordinating histidine residue (H610), capped with a monovalent pseudopotential 11 at the C β atom, the entire adenosyl moiety (Ado), the cobalt corrin ring, capped at the COMe and NHMe side chains, and the substrate, in which the CoA tail has been capped at the second carbon after the sulfur atom. We describe the QM atoms by the DFT/BLYP functional 12, 13 and norm-conserving Martins-Trouiller pseudopotentials 14 with dispersion-corrected atom-centered potentials. [15] [16] [17] [18] The MM subset is described by a classical AMBER 99sb force field and contains the rest of the protein and explicit solvent water molecules and 20 Na + counterions. The wave functions are expanded in a plane wave basis set with a 70 Ry cutoff inside a orthorhombic quantum box with dimensions 23.2 x 29.5 x 21.6 Å 3 . This cut-off has been shown to achieve a good convergence of energies and structural properties of cobalt complexes in previous studies on vitamin B 12 using the same type of pseudo potentials. 19, 20 Single-point tests in which the cut-off was increased to 95 Ry show a slight decrease in the total potential energy (Kohn-Sham Energy) of 0.002 a.u. Long-range interactions were S6 decoupled using the Martyna-Tuckerman scheme. 21 We use a time step of 10 a.u. and a fictitious electron mass of 400 a.u.
The QM/MM minimization and equilibration phase consisted of several steps: (1) optimization of the wave-function while holding the equilibrated geometry fixed; (2) annealing of the QM and MM temperatures to 50K; (3) slowly heating the system to 150 K and running molecular dynamics for 0.5 ps; and (4) heating the system slowly to 300K and monitoring the temperature of the QM and MM subsystems, using separate chains of the Nose Hoover thermostat for the two subsystems. We had 123 total QM atoms and five boundary atoms, which served as an interface between the QM and MM subsets. We applied a hierarchal Hamiltonian electrostatics coupling scheme between QM and MM parts with cut-off values for shells of 10, 13 and 15 a.u., respectively.
The starting configuration was a trajectory frame of a classically equilibrated MCM system in which the initial AdoCbl bond length is 2.1Å. To study the cleavage reaction, we have chosen the reaction coordinate to be the bond distance, which was increased in increments of 0.1 Å from 2.1 to 3.6 Å. Each constrained distance was sampled for 2.5 ps or 3.5 ps at the top of the barrier. At a distance of 3.7 Å, the system was simulated without any constraints for 20 ps, during which the bond did not re-form. Upon cleavage of the bond, the system was further equilibrated for 15 ps before the hydrogen abstraction reaction took place. Using a final frame from this unconstrained trajectory, we then studied the subsequent hydrogen abstraction step.
The second step is characterized by a reaction coordinate that describes the distance between the C 5 atom on Ado· and the primary hydrogen atom on the substrate, spanning distances of 4 to 1.1 Å in increments of 0.1 Å. Using a thermodynamic integration approach, 22,23 the average force on the constraint was integrated over the reaction path to obtain the free energy profiles. Hysteresis was evaluated by performing the back reaction for both homolysis and abstraction steps.
Error propagation analysis
We measure the force on the constraint distance for each thermodynamically equilibrated window, x 1 ,
. .,x n , with uncertainties, δ x 1 , δ x 2 , · · · , δ x n , if q represents the free energy, q= f (x 1 , x 2 ,. . .,x n ), then the uncertainty of q can be found by
Geometry Optimizations
Gas phase calculations were performed using Gaussian '09 (G09). 24 Optimizations and relaxed scans were and AUG-cc-PVDZ. 26 In addition, M06 was used in combination with the PCM solvent model of toluene.
This was done in order to consider the effect that a hydrophobic cavity could have on the rotation of the dihedral of the molecule.
Experimental methods
Cloning of MCM Construct P. shermanii mutB and mutA genes which code for the α subunit and β subunit, respectively, were codonoptimized for expression in E. coli and the optimized genes were synthesized by Life Technologies (Grand Island, NY). The genes were digested with restriction enzymes and ligated stepwise into pETDuet-1 (Novagen/Millipore, Darmstadt, Germany) with mutA and mutB ligated into MCS1, between EcoRI and HindIII, and MCS2, between NdeI and XhoI, (respectively,) and with a N-terminal His-tag on the mutA product. This tag location was chosen because this N-terminus of the beta subunit appears to have minimal contribution to any potential α/β -heterodimer interactions based on crystallographic β -factor of the region (compared to other accessible "taggable" termini.) It was favourable to tag the beta subunit instead of the alpha subunit, because α/α homodimers are known, (these are analogous to the known human MCM dimerization). 27 Restriction enzyme digests and then sequencing of the plasmid ensure inclusion of both gene products in the S8 plasmid.
Transformation and Expression of MCM
Purified and sequenced construct was transformed into BL21 DE3 chemically competent cells. 500 mL (x12) Luria Broth in baffled flasks with Ampicillin [0.1 mg/mL final concentration] were inoculated with 6 mL of MCM:BL21 culture grown overnight at 37 • C in LBA. Cells were grown at 37 • C until OD595 reached 1.2. The cell growth into lag phase (versus log phase) seemed to increase protein yields considerably, although mostly in the insoluble pellet, which then must be retrieved. Cultures were heat shocked for 10 minutes at 42 • C and then grown at 37 • C with 220 rpm shaking for 8 hours. 
Purification of MCM

Reconstitution of MCM with cofactor
To the protein was added Adenosylcobalamin (>97%, Sigma-Aldrich, St. Louis, MO) and the mixture was was consumed in the course of the reaction, we saw CoA evolved, not as a direct product but instead as the result of succinyl-coa hydrolysis. We can differentiate between the substrate or product and free CoA by the mass to charge ratio, and also by the 5 different retention times of substrate, iso-substrate, product,
CoA and iso-CoA. We did establish that with our method the methylmalonyl-CoA and free CoA peaks are all separable with our LC conditions and the given column, solvents and flow rate. All chemicals, unless otherwise noted, were obtained from Thermo-Fisher Scientific or Sigma-Aldrich.
Results
Conformational changes assisting cleavage
Performing classical molecular dynamics for 100 nanoseconds and a subsequent QM/MM equilibration for Figure S2 : Alignment of the 4REQ crystallographic structure and a snap shot from the QM/MM simulation, during the hydrogen abstraction step. The Ado· moieties in both cases are C 2 endo conformers. The distances of various intermolecular interactions are given in Table S2 . 
Rotation of φ in gas phase
To further investigate the conformational landscape around the glycosidic bond, we explored the potential energy surface (PES) of φ . Starting from a conformation with an intact AdoCbl bond and bound substrate, φ was incrementally decreased by 0.5 • over 360 • . All 720 points of the scan in each case were obtained with complete geometry optimizations in which only the dihedral angle was constrained and all atoms in the molecule were allowed to relax freely. This scan reveals additional minimum energy conformers, consistent with those found in a previous computational study, 29 corresponding to stationary minima with φ angles of 48 • , -11 • and -110 • . We confirmed for each minimum that there were no negative eigenvalues (see Table S3 ). Table S3 : Selected dihedral conformations and the corresponding energies from a rotation around the glycosidic-N bond. The reference geometry is an isolated adenosyl moiety taken from QM/MM simulations after equilibration and prior to Co-C 5 bond homolysis. For certain minimum energy configurations, the radical moiety appears to be stabilised in part by hyperconjugation with the H-C 4 atom (φ = 48 • ) and the H-O 3 atom (φ = -110 • ). Our findings are consistent with those from another study, 30 which suggest that the rotation of φ from the syn (φ = 115 • ) to the anti conformation (φ = 48 • in gas phase, and average of 47 • ± 23.5 in enzyme environment) stabilises Ado· by nearly 5 kcal mol −1 (see Figure S5 ). In Figure S5 , we denote the syn conformation of Ado as 'QM/MM geometry,'
which is a single point calculation in which the reference geometry is an isolated Ado moiety taken from a frame of the QM/MM simulations after equilibration and prior to Co-C 5 bond homolysis. As previously suggested, 29 the global minimum structure in the gas phase (φ = -11 • ) is stabilised by an intramolecular hydrogen bond between H-O 2 and N 3 , which is not observed in the condensed phase. Figure S5 : Displayed is a dihedral scan of the isolated radical adenosyl species demonstrating the potential energy landscape of the rotation of the glycosidic bond using various DFT hybrid functional in gas phase and polarizable continuum models. The entire scan for each method was plotted to show the corresponding minima for the key dihedral angle (φ = O 4 -C 1 -N 9 -C 8 ). Indeed, the rotation about the glycosidic C 1 · · · N 9 bond reveals three definitive minima: one local minimum at 48 • , which stabilizes adenosyl by 5 kcal mol −1 relative to geometry of Ado when it is 'bound' to Co (i.e. in the syn conformation, φ = 115 • , adenine base parallel to the corrin). A second local minimum at -110 • , stabilizing the adenosyl moiety by 6 kcal mol −1 , and a global minimum at -11 • which stabilizes it by 12-13 kcal mol −1 relative to both the QM/MM model and the crystallographic geometry. For each method, the local and global minimum geometries were optimized separately to ensure consistency in the energy and conformation. Figure S7 : Four snapshots which illustrate the shift in conformation from C 3 endo to C 2 endo in adenosyl radical, taken from the QM/MM molecular dynamics simulations. In (a), a snap shot of the adenosyl radical moiety after homolysis and prior to hydrogen abstraction. It is in the C 3 endo conformation with an average dihedral angle (φ ) of 47 ± 23.5 • . In (b), a rotation about the glycosidic bond brings the C 8 atom of the adenine ring and the radical center (C 5 atom) in a closer vicinity to the hydrogen atom of the substrate. In (c), a rotation about the glycosidic bond returns the adenine base to its initial anti conformation before the conformational shift from C 3 endo to C 2 endo and, as shown in (c) and (d), the C 2 endo conformation delivers a stable configuration in which the C 5 radical center is pointed directly toward the substrate, in preparation for the attack. The average φ angle during the hydrogen abstraction step is 32 ± 12.3 • . Figure S8 : The hydrogen abstraction reaction. Shown in (a) and (b), the C 3 endo of Ado· is hydrogen bonded to residues N366, Q330 and Y243 before the conformational change to C 2 endo takes place. Shown in (c), this transition is mediated by the enzyme, as residue N366 transfers the hydrogen bond from the axial O 3 atom to its new equatorial position, in (d) where it now hydrogen bonds to E370.
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Conformational changes that assist hydrogen abstraction
Properties of other AdoCbl-dependent enzymes
In order to assess if our findings for MCM extend beyond AdoB 12 dependent systems, we analyzed 27 different structures and more than 50 adenosyl cofactors, including s-adenosylmethionine (SAM) dependent enzymes as well as enzymes that contain iron-sulfur complexes. Figure 3 (pdb structures include 3KPD, 3NDI, 3NPB, 3O7W, 3P97,   3PFG, 3PS9, 3CB8, 2A5H, 2FB2, 2GIS) . Figure S9 : Displayed are residues in the vicinity of Adenosyl (surrounding the adenine base in green and the nearby polar residues in red) in various AdoB 12 dependent enzymes, which may play a similar role in assisting the conformational changes during the homolysis (in green) and hydrogen abstraction reaction (in red). The last line (black) represents a sulfur moiety, either in the coA ester or in a methionine residue at the same relative position in the enzyme. The residues displayed here were taken from enzymes Methyl malonyl-CoA mutase (both bacteria a and humans b ), Glutamate Mutase (GM), ethanolamine ammonia-lyase (EAL), and diol dehyrdratase (DD).
A common thread that ties together all of these systems is that the dihedral configurations within the population of different Ado· conformers typically occupy one of two local minima, as described by the potential energy landscape of rotation around the glycosidic bond (φ = O 4 -C 1 -N 9 -C 8 Table S4 ). Therefore, this residue would likely have larger influence over the initiation of radical species than that of the conserved glutamate, given its proximity to cobalamin and the adenosyl moiety. Based on our findings, the role of the conserved glutamate residue for MCM appears to be more important in the second step of catalytic mechanism. Figure S10 : Panel A) LC-TOF-MS spectra showing 1) commercially obtained substrate, methylmalonylcoa, 1 µM final concentration, m/z ratio 867, 2) 1 µM substrate incubated with 1 nm wild-type MCM enzyme at 37 • C for 2 hours, m/z ratio 867 3) 1 µM substrate incubated with 1 nm E370D mutant MCM enzyme at 37 • C for 2 hours, m/z ratio 867. Not shown are controls of the substrate sample (panel A) over this time course which indicates no more than a ± 1.5% variation in mass peak area over the full 48 hour incubation period, with a maintained m/z ratio of 867. Also not shown are additional time points, where the substrate is removed by the enzyme over time in both the wildtype and E370D proteins (although at a much faster rate in the WT protein.) The LC peaks represent methylmalonyl-CoA and iso-methylmalonyl-CoA, and the x-axis is retention time. Panel B) Chart comparing the substrate consumption of the WT and E370D enzyme mutant . After 2 hours, the WT enzyme has consumed about 75% of the 1 µM substrate, whereas the mutant has consumed essentially no substrate. After 48 hours, the WT enzyme has consumed all available substrate, and the E370D has consumed about 75% of the available substrate. Free Energy (kcal mol -1 ) Co-C 5' bond length (Å) Figure S12 : In silica mutation of E370D. The affect that this mutation has on the homolytic cleavage step is minimal (less than 1 kcal mol −1 difference in the energetic barrier from wild-type MCM).
